A Retrieval Algorithm of Sheet Metal Parts Based on Relationships of Features  by WANG, Dawei et al.
                       
 
Contents lists available at ScienceDirect 
Chinese Journal of Aeronautics 
journal homepage: www.elsevier.com/locate/cja 
Chinese Journal of Aeronautics 25 (2012) 453-472
A Retrieval Algorithm of Sheet Metal Parts Based on  
Relationships of Features 
WANG Dawei a, YAN Guangrong a,*, LEI Yi a, ZHANG Jiaying b 
aSchool of Mechanical Engineering and Automation, Beihang University, Beijing 100191, China 
bModern Education Center , Shandong University of Science and Technology, Taian 271019, China 
Received 3 May 2011; revised 12 June 2011; accepted 29 August 2011 
Abstract 
With the rapid increase in the number of three-dimensional (3D) models each year, to quickly and easily find the part desired 
has become a big challenge of enterprises. Meanwhile, many methods and algorithms have been proposed for part retrieval. 
However, most of the existing methods are designed for mechanical parts, and can not be well worked for sheet metal part re-
trieval. An approach to feature-based retrieval of sheet metal parts is presented. Firstly, the features frequently used in sheet 
metal part design are chosen as the “key words” in retrieval. Based on those features, a relative position model is built to express 
the different relationships of the features in 3D space. Secondly, a description method of the model is studied. With the descrip-
tion method the relative position of features in sheet metal parts can be expressed by four location description matrices. Thirdly, 
based on the relative position model and location description matrices, the equivalent definition of relationships of two feature 
groups is given which is the basis to calculate the similarity of two sheet metal parts. Next, the formula of retrieval algorithm for 
sheet metal parts is given. Finally, a prototype system is developed to test and verify the effectiveness of the retrieval method 
suggested. Experiments verify that the new method is able to meet the requirements of searching sheet metal parts and possesses 
potentials in practical application. 
Keywords: CAD; sheet metal; retrieval algorithm; features search; 3D model 
1. Introduction1 
Wide applications of 3D CAD system in industries 
have generated a huge number of 3D digital CAD 
models. Reuse of these models is becoming an impor-
tant way to facilitate new designs [1]. And each suc-
cessful reuse of these models would significantly save 
the cost in creating a new part. However, to find a 
suitable model to reuse is still a challenging task [2]. In 
the last decade, 3D geometric model retrieval method 
was widely studied. Many retrieval algorithms were 
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presented to help users to efficiently locate the desired 
models for reuse. According to the difference of re-
search objectives, the research can be classified into 
two major categories. One is of ordinary retrieval algo-
rithms for general 3D file formats such as STL, STEP, 
etc. The other is of particular retrieval algorithms for 
one or two special CAD software file formats such as 
Pro/E’s PRT file format, CATIA’s CATPart file format 
and some other professional CAD file format. Most of 
these methods focus only on ordinary retrieval instead 
of particular one. The ordinary retrieval algorithm can 
be widely used and can meet much more actual re-
quirements.  
In fact, particular retrieval is very important, espe-
cially in enterprise applications. Compared with ordi-
nary retrieval algorithm, particular retrieval algorithm 
has a narrower scope of applications, is only suitable 
for one or two special CAD software file formats, and 
Open access under CC BY-NC-ND license.
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is more difficult to transplant from one file format to 
another. These may be the weak points of particular 
retrieval algorithm. But, it is just the reason why par-
ticular retrieval algorithm is more suitable for enter-
prise application. Normally, to a given enterprise, cer-
tain 3D CAD software such as CATIA, UG or Pro/E, is 
used in design activities. The document structure of the 
design files is the same, so using a particular retrieval 
algorithm is enough to meet the application require-
ments. The particular retrieval algorithm is more tar-
geted and more efficient. On the other hand harder 
transplantation means much safety to enterprise.  
In recent years more and more attention has been 
paid to the research on particular retrieval of profes-
sional 3D CAD models, and several methods have 
been proposed. However, most of them use the CAD 
models with a certain file format, and cannot be well 
applied to class-specific parts such as sheet metal parts. 
As pointed out by Ref. [3], the sheet metal parts are a 
very special class in 3D parts. 
Based on a certain feature-based 3D design software 
file format, the authors present a sheet metal retrieval 
algorithm which is intended to solve the difficulties of 
sheet metal part retrieval. The method is built in terms 
of the relative position of features in 3D space which 
are selected as the key features according to the fre-
quency of their usage. Users can use the method con-
veniently to find the similar sheet metal parts and reuse 
them in design environment. 
The paper is organized as follows. Section 2 surveys 
the related work on 3D model retrieval. Section 3 over-
views the approach presented. Section 4 analyzes the 
document structure of the research object. Sections 5 
and 6 introduce the two important steps of the new 
approach respectively: building the relative position 
model of the key features and getting the location de-
scription matrix. Section 7 describes the retrieval algo-
rithm. Section 8 demonstrates the experimental results. 
Finally, Section 9 presents the conclusions. 
2. Related Work 
As just mentioned, the research on CAD model re-
trieval algorithm can be classified into two major 
categories: ordinary retrieval algorithm and particular 
retrieval algorithm. The ordinary retrieval algorithms 
will be introduced in brief and the particular retrieval 
algorithms in detail. More details about the 3D model 
retrieval research can be found in Refs. [4]-[5]; both of 
them give a comprehensive overview of this topic. 
2.1. Ordinary retrieval algorithm 
The study of such algorithm is of a multimedia visu-
alization model by using triangular mesh as the main 
form of expression. The feature extraction method can 
be classified into three classes: statistical method-based 
CAD model retrieval method [6-10], topology-based 
CAD model retrieval method [11-13] and image-based 
retrieval method [14-22]. Among them image-based re-
trieval method has attracted much attention in these 
years and is more relevant to the paper. Ansary, et al.[14] 
proposed a method for three-dimensional-model in-
dexing based on two-dimensional views. Ansary used 
an adaptive clustering algorithm to select the charac-
teristic view. Daras , et al.[15] presented a unified 
framework for 3D shape retrieval. The method pre-
sented by Daras supports multimodal queries (2D im-
ages, sketches, 3D objects) by introducing a novel 
view-based approach being able to handle the different 
types of multimedia data. Gao, et al. [16-18] proposed a 
view-based 3D model retrieval algorithm, and used 
weighted bipartite graph matching to make comparison 
between two 3D models.  Gao also studied an intelli-
gent query method including four sections: query se-
lection, query description, combination and assistive 
query. In Ref. [18], Gao presentd an interactive 3D 
object retrieval scheme to improve the retrieval accu-
racy. Ohbuchi, et al. [19] suggested a shape-based 3D 
model retrieval method based on multi-scale local vis-
ual features. Bronstein, et al. [20] presented a method 
using geometric words and expressions to solve the 
problem of non-rigid shape retrieval in large database 
Iona, et al. [21] presented a novel method for 2D and 3D 
shape matching. They used a geodesic distances-based 
eccentricity transform to calculate the similarity be-
tween parts. In terms of the existing research we found 
that all the 3D models should be expressed or indexed 
by many different views. This gave us some inspiration 
to our research. 
2.2. Particular retrieval algorithms 
The study of such algorithms is related to profes-
sional CAD models, using boundary representation 
(B-Rep) and constructive solid geometry (CSG) as the 
main forms of expression. The methods can be charac-
terized into three classes: the attribute-relation-graph 
(ARG)-based CAD model retrieval methods [23-27], to-
pology-based retrieval methods [28-32] and feature-based 
retrieval methods [1, 33-37]. 
The processes of ARG based CAD model retrieval 
methods are similar to each other: transforming the 
CAD models into an ARG. Wang Yu, et al. [23] used 
ARG to extract a feature invariant vector, which was 
used as the input of a self-organization feature Map-
ping (SOM) neural network model to cluster and re-
trieve the CAD models. Ma Lujie, et al. [24] presented 
an approach based on shape-location codes of faces. 
The first step was also to transform the CAD models 
into ARG. Then the ARG was transformed to a layered 
configuration, after then the face shape-location codes 
were obtained from layered ARG, and, finally a shape 
description matrix was built to calculate the similarity 
of the models. Wang Hongshen, et al. [25] proposed a 
boundary representation model to express the CAD 
models and the Kuhn-Munkres in Graph Theory was 
used to assess the similarity of CAD models. Similar to 
Ref. [25], Wang Fei, et al [26] also used the methods in 
Graph Theory to calculate the similarity between parts. 
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The difference of them is that what Wang Fei used is a 
sub graph isomorphism method. Ma Lujie, et al. [27] 
proposed an extracting method based on ARG, by 
which the common patterns can be extracted from a set 
of solid models. 
The topology-based retrieval methods calculate the 
similarity in terms of the difference of models’ topol-
ogy structure. Wang Jiale, et al. [28] suggested a method 
for retrieving CAD models of mechanical parts by 
freehand sketches. With this method the users should 
first draw three 2D outline sketches and a skeleton 
sketch to express the query intent. The skeleton sketch 
contained the topological information of models. Then 
a relevance feedback mechanism was used to assess the 
similarity of the models. Fonseca, et al. [29] also pre-
sented a sketch-based retrieval method. He proposed 
an approach of using hierarchical topology description 
mechanism, which allowed comparing complex draw-
ings to simple queries. In Ref. [30], a retrieval method 
based on topology approximation was proposed, and a 
uniform measurement method was presented to calcu-
late the similarity of boundary faces of retrieval object 
and retrieval condition according to the given geometry 
and topology information of the boundary faces on the 
CAD model. Jing Shuxu, et al. [31] and Li Min, et al. [32] 
studied and resolved some problems on topology ex-
pression of 3D CAD models. 
Using the difference of features in CAD models to 
calculate the similarity is another class of CAD model 
retrieval methods. Bai Jing, et al. [1] presented an ap-
proach to partial retrieval of 3D CAD models for reuse 
of parts in design. In Ref. [1], a criterion based on 
some commonly used CAD features was defined to 
determine whether a subpart was reusable. Based on 
the criterion a hierarchical way was applied to match 
and retrieve in CAD models. Pu Jiantao, et al.[33] stud-
ied a navigation and discovery method in 3D CAD 
repositories to solve the problems of changing the 
search results from 1D to 2D and 3D for the existing 
3D search systems. Cicek, et al. [34] utilized the adja-
cency relation matrices to assess the similarity of me-
chanical parts. The adjacency relation matrices were 
built based on the extracted features of models. Mare-
fat, et al. [35] presents a signature formed by features 
and the spatial relationships between the features. With 
this signature the author developed an indexing scheme 
to store and retrieve similar models. Cai Xiantao, et  
al. [36] studied a direct feature retrieval and reuse 
method for heterogeneous collaborative CAD systems. 
Bakar, et al.[37] proposed a method of indexing tech-
nique for retrieval of 3D models based on similarity. 
Apart from the above-mentioned CAD model retrieval 
methods, shape distributions retrieval algorithms based 
on normal direction were proposed by some other re-
searchers [38]. Liu Yujie, et al.[39-40] presented some re-
trieval algorithms based on 3D orthogonal spline mo-
ments and electric flux to solve some 3D model re-
trieval problems. 
Many strategies are suggested in the field of 3D 
models retrieval. Each method works well under some 
certain conditions, but all of these cannot be well used 
in the retrieval of sheet metal parts. A new method for 
sheet metal part retrieval is presented by the authors. 
This paper is an extended version of Ref. [41], 
which is another research of the authors related to sheet 
metal parts retrieval. In Ref. [41], the method proposed 
is just applicable to 2D sheet metal parts (unfolded 
sheet metal parts) and cannot be used in 3D sheet metal 
parts (folded sheet metal parts). However, the new 
method proposed can be applicable to both unfolded 
and folded sheet metal parts. In the paper we also use 
the 36 key features selected by Ref. [41] as “the key 
words” to make the research easier. However, it is a 
must and less or more key features are also allowed in 
the new method. And in order to make the paper more 
clearly, some brief introductions of the 36 key features 
are given in the paper (in Section 4). In Ref. [41] the 
“relative position model” was given to express the fea-
tures’ position in 2D, but it cannot be used in 3D. In 
the paper, we build a new “relative position model” to 
express the features’ position in 3D which is com-
pletely different from Ref. [41]. The retrieval algorithm 
and the implementation in Ref. [41] cannot be used in 
3D sheet metal parts. In the paper both the retrieval 
algorithm and the implementation are designed for 3D. 
3. Overview of Approach 
Based on the analysis of the requirements on re-
trieval of 3D CAD models for sheet metal parts, a new 
retrieval approach is proposed. In this section we pre-
sent an overview of the approach, describing the main 
work process, each of its steps and the connection of 
them. The goal of the approach is to help designers to 
quickly and conveniently find the desired part for de-
sign from CAD models in design process so as to im-
prove their design efficiency by shortening the time to 
obtain the needed parts. To achieve this goal, some 
features frequently used in sheet metal part design are 
chosen as key features, and the difference of the rela-
tive position of the key features is applied to calculat-
ing the similarity between CAD models. A database is 
built to save this information of key features for each 
sheet metal part. Meanwhile, an algorithm for similar-
ity assessment between the query and the existing parts 
in the database is developed to support the retrieval of 
sheet metal parts. The systemic overview of the sheet 
metal retrieval approach is described in Fig. 1. 
There are five main portions in Fig. 1, i.e. 1) CAD 
files (sheet metal), 2) Key feature list, 3) Extracting 
module, 4) Database, and 5) Calculation module, re-
spectively. CAD files (sheet metal) is a part library 
storing the sheet metal part files created by CAXA 
Solid, and all the CAD models in the part files are fea-
ture-based. Key feature list is a list of features and will 
be introduced in detail in Section 4. Extracting module 
is responsible for getting information of key features 
from the part in library or the part inputting for query, 
and is developed using CAXA Solid API. The database 
is in charge of storing the data of key features of each 
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part. Finally, the Calculation module is the most im-
portant part of our approach and is used for calculating 
the similarity of two sheet metal parts. 
 
Fig. 1  Systemic overview of the proposed approach. 
It should be noted that, according to the geometric 
characteristics of sheet metal parts, they can be divided 
into two classes: one is no local deformation features in 
interior of sheet metal as shown in Fig. 2(a); the other 
possesses local deformation features in interior of sheet 
metal as shown in Fig. 2 (b). 
 
Fig. 2  Class of sheet metal part. 
In this work, we assume that all the sheet metal 
models in the library belong to Class II. 
4. Data Structure of Research Object 
All of our research files of sheet metal parts are de-
signed using the software CAXA Solid View 2010. In 
order to find a retrieval method for these parts, firstly, 
the data structure of the ICS files should be analyzed. 
In this section, the designing characteristics of sheet 
metal parts in CAXA Solid View 2010 will be intro-
duced and the analysis of the ICS file data structure 
will be discussed. 
 CAXA Solid provides a feature library of sheet 
metal parts. The designers can drag and drop these 
features into the designing scene of a sheet metal part. 
And the parameters of the features the software pro-
vided can be changed according to the user’s design 
requirements. More details about the sheet metal de-
sign method of CAXA Solid can be found in Ref. [42]. 
All of the features provided by the software are shown 
in Table 1. The contents of “Name” and “Legend” in 
Table 1 are provided by CAXA Solid, and the contents 
of “Categories” and “No.” are added by the authors. 
The sheet metal models created by CAXA Solid are 
feature-based CAD models. An example is shown in 
Fig. 3(a), the features of the example part included are 
shown in Fig. 3(b), and the feature tree of the part are 
shown on the left (white part) of Fig. 4. From the fea-
ture tree, it can be seen that the parts are made up of 10 
features. The name and numbers of the 10 features are 
shown on the right of Fig. 4 (blue part). These feature 
name information is invisible to designers, but does 
exist in the internal data structure of the CAD docu-
ment. The name and their position information can be 
extracted by CAXA API. 
Among the ten features, Features No.17, 19, 37, 38 
and 43 lie inside of the part and are named as the local 
deformation features. Based on the analysis of sheet 
metal parts and the frequency of utilizing the features 
listed in Table 1, “forming feature” class and “hole 
feature” class are chosen as the key features. As shown 
in Table 1, 36 features are involved in the two classes 
and all the 36 features belong to the local deformation 
features. In the paper, we use these 36 features as the 
key features. And there is no direct relationship be-
tween the number of the key features and the retrieval 
algorithm which we studied in the paper. In practice 
application, any number of the key features is allowed.  
In our approach, the difference of the relative posi-
tion of these features will be used to assess the similar-
ity of two sheet metal parts. It is because the position 
data information of key features can be got easily and 
it is also consistent with people’s habit of understand-
ing. For designers, when he/she is reminded of a sheet 
metal part, his/her first impression is the characteristics 
of local deformation features or the relative position of 
local deformation features which the sheet metal part 
possesses. Using the part shown in Fig. 3 (a) as an 
example, when we think of this part, the shape of the   
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Table 1  Feature classification of sheet metal 
 
 
Fig. 3  Feature structure of the example part. 
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Fig. 4  Feature tree of the example part. 
part in our memory may look like the shape shown in 
Fig. 3 (c). Our first impression is the local deformation 
features, the relative position of them and the general-
shape of the part and little attention is paid to the de 
tails of its profile features such as the features No.6 and 
No. 19. Meanwhile, the models shown in Fig. 3 (c) can 
be easily and quickly created by CAXA Solid. So we 
can use the part like Fig. 3 (c) as a query to find the 
desired part. It is an effective and convenient way for 
sheet metal part retrieval. 
In the next sections, a relative position model is 
proposed to denote the relative position relationship of 
the key features for each sheet metal part, and give a 
similarity calculating method based on the model. 
5. Relative Position Model 
Spatial relationships may be classified into topo-
logical and directional relations [27]. This section dis-
cusses the two relations and the method to build rela-
tive position model for sheet metal parts.  
5.1. Two relative positions of features 
For topological relationships, Egenhofer [43-44] pre-
sented a set of eight relations between two planar re-
gions, namely Disjoint, Meet, Overlap, Contain, Inside, 
Cover, Covered-By and Equal, as illustrated on the top 
of Fig. 5. Fonseca, et al. [29] simplified the topological 
relationships defined by Egenhofer to three relations: 
Disjoint, Include and Adjacent, as shown in the middle 
of Fig. 5. The above topological relationships were 
discussed in detail in Ref. [27]. In this paper, the 
Fonseca’s simplified topological relationships are used 
as the basis to express the relations of sheet metal fea-
tures. Different from Fonseca’s method, the simplified 
relationships are used in 3D space as illustrated at the 
bottom of Fig. 5. 
The cylinders shown at the bottom of Fig. 5 mean 
the key features of sheet metal. The arrows indicate the 
normal of the part-face where the features lie in. 
 
  
Fig. 5  Topological relationships of two features. 
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Commonly, sheet metal features are shaped by stamp-
ing, the normal direction can also be considered as the 
feature’s stamping direction. In order to clearly express 
the concept this direction is named “feature normal 
direction (FND)”. As shown at the bottom of Fig. 5, 
the relative position relationship between any two fea-
tures must be only one of the following three relations: 
Disjoint, Adjacent and Include. If the two features are 
equal, they are considered to include each other.  
Based on the topological relation, the topological 
relationships extracted from the key features of sheet 
metal parts are compiled in a topology graph as illus-
trated in Fig. 6, where solid edges mean “Include” and 
dotted connections mean “Adjacent”. 
 
Fig. 6  Topology graph of Fig. 4 (b). 
The topology graph contains much information of 
relative relations of sheet metal parts including the 
name (or ID) of key features, the number of features, 
and the relationship between two features. This infor-
mation is not enough to be used for a sheet metal re-
trieval algorithm because some other very important 
information cannot be involved by the topology graph. 
For example, it is not clearly demonstrated which fea-
tures are in the same part-face and whether there are 
other features located on the left of Feature No. 38, etc. 
So it is needed to find another spatial relationship 
model to express the relative position information for 
key features. 
For directional relations, traditionally, the most fre-
quently used directional relationships are North, South, 
East, West, Northeast, Northwest, Southeast and South- 
west. These representations of directional relationships 
must set a unified coordinate system, and are not 
translation and rotation independent. They are not 
suitable for this research. 
In order to solve the difficulties mentioned above, a 
relative position model is presented to express the rela-
tions between more than two features, which is built 
based on the geometric properties of triangles and will 
be introduced in the following text. 
5.2. Three relative positions of features 
In 3D space, a plane can be determined by the center 
coordinates of any three features. This plane is called 
“feature reference plane (FRP)”. Obviously, it contains 
and only contains three features in each FRP. Some 
relations of the three features in a FRP are shown in 
Fig. 7. 
 
Fig. 7  Three relative positions of features. 
In a FRP, a triangle can be formed by connecting the 
centers of the three features. Figure 7(a) shows three 
sets of disjoint relationships of the features and an 
acute triangle formed by the lines connecting the cen-
ters. Figure 7(b) illustrates two sets of disjoint rela-
tionships between features A and B, and C and B, and 
an adjacent relationship between A and C. The lines 
connecting the centers form an obtuse triangle and the 
center of feature C is the apex of obtuse angle. Figure 
7(c) shows three sets of disjoint relationships, different 
from Fig. 7(a) the three features in Fig. 7(c) are located 
in three different planes. There is a certain angle be-
tween each feature’s part-face and FRP. In order to 
express clearly, this angle is named “normal-reference 
angle (NRA)”. The lines connecting centers form an 
acute triangle too. The NRA is used to express whether 
two features are in the same part-face or not. If the 
NRA value of two features is equal, the two features 
are considered to be in the same part-face and vice 
versa. We can conclude that the difference of three 
features’ relative position can be distinguished by the 
information of the three features’ name (or ID), the 
geometric properties of the triangle, and the value of 
angles between each feature’s part-face and FRP. 
The following rules are defined to clearly express 
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the relationship mentioned. 
Suppose that there are three features in a sheet metal 
part, named E1, E2 and E3. A FRP can be defined by 
their center points. Naming this FRP as P, meanwhile a 
triangle named S in P is also defined. The three apexes 
of triangle S are marked as E1, E2, and E3. Using G to 
record the apex name of S’s obtuse angle or right angle, 
G will be marked as empty () if the triangle is an 
acute triangle. A1, A2 and A3 are used to denote the 
NRA of E1, E2 and E3 separately; “×” denotes relation 
symbol and “g”delimiter between relations. Based on 
the supposition mentioned above, the relative position 
relationship of three features can be described by the 
following expression: 
 1 2 1 3 2 3 1 2 3
· · · · · ·W E E E E E E A A A G   
  
where W means the relative position relations of three 
features;  1 2 3  , , |E E E A A K  , K means the set of 36 
key features; { , , , }  	 
   1 2 3, , ,G E E E  ; 1,A  
 32 , 0, / 2A A    
With those rules, the three relations in Fig. 7 can be 
described by the following three expressions˖ 
/ 2 / 2 / 2aW A B A C B C             
2/ 2 / 2 / 2bW A B A C B C E   
         
/ 3 / 4 / 6cW A B A C B C            
5.3. Relative position of four features 
The relative position relation of four features is used 
as the main computing unit. Any four features which 
are not in the same part-face can constitute a tetrahe-
dron as shown in Fig. 8(a). 
Suppose that E1, E2, E3 and E4 are the name of the 
four features constituting the tetrahedron. It is known 
that each of the four planes of the tetrahedron is a FRP. 
P1, P2, P3 and P4 are denoted as the four FRPs. P1 is 
defined by three features named E1, E2 and E3 and 
marked as P1={E1,E2,E3}. Similarly, P2={E1, E3,E4}ˈ
P3={E1,E2,E4}ˈ and P4={E2,E3,E4}, as illustrated in 
Fig. 8(b). To distinguish the difference of a tetrahedron, 
a new variable named “Angle between two FRPs 
(ABT-FRP)” is defined and marked as J. As illustrated 
in Fig. 8(c), J1=(OHE2) is the angle between FRP P1 
and P2. Similarly, J2={P1,P3}, J3={P1,P4}, J4={P2,P3}, 
J5={P2,P4}, and J6={P3,P4}, J={J1,J2,J3,J4,J5,J6,}, 
Ji[0,], iN, i So the relative position of four 
features can be expressed by the following expression:  
4M W J   
That is 
 
1 2 3 4 1 2 34 4 5 6
· · · · · ·P P P PM W W W W J J J J J J   
 
where M4 means the relative position relations of four 
features. 
In real retrieval matching, the exact value of each 
ABT-FRP does not need to be computed. What we  
 
Fig. 8  Four features’ relative position model. 
need is just to judge the angle range which theABT- 
FRP belongs to. So we use /2 as the threshold value. 
If the ABT-FRP’s value is less than /2, J is marked as 
“0”; otherwise, marked as “1”. Thus, the relative posi-
tion relationships of four features as shown in Fig. 8(a) 
can be expressed by the following expression: 
 
4 1 2 1 3 2 3
1 3 1 4 3 4
1 2 1 4 2 4
2 3 2 4
3 4
5
5
(
) 0 0 0 0 05 0
a E E E E E
E E E E E E
M E
E E E E E E
E E E E
E E
    
      
       
       
 
   
   
   
 
   
  
  
   
 
In addition, similar to ABT-FRP, the exact value of 
NRA is not important too, and we can just use “1”, ”2”, 
and ”3” to mark . If NRAs of two features are equal, 
then they can be marked by the same number (one of 
“1”, “2” and “3”), otherwise marked as different num-
bers. There are only three features in a FRP, so three 
mark numbers are needed. The M4a relation changes to 
the following expression: 
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5.4. Relative position of five features 
The relative position relationships of five features 
are built based on the four features’ relative position 
expression. There are five features in 3D space as 
shown in Fig. 9(a) and a tetrahedron can be formed by 
selecting any four features of them. There are totally 
4
5C =5 combinations as illustrated in Figs.9 (b)-(f). 
 
Fig. 9  Five features’ relative position model. 
The relative position relationships of five features 
can be described by the following expression: 
5 4 4 4 4 4b c d e fM M M M M M      
where M5 means the relative position relations of five 
features.  
 
 
1 2 3 4
1 2 3 4 5 6
4 ·
· · · · ·
b b b bP P P P
b b b b b b
bM W
J J J J J
W W
J
W   
 
 
 
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·
· · · · ·
c c c cc P P P P
c c c c c c d
M W W W W
J J J J J J M
   
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·
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d d d d d d e
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   
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·
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e e e ee P P P P
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5.5. Relative position of six and more features 
The relative position relationships of six and more 
features can be constructed by applying the above 
method.  For example, using 46 15C   feature tetra-
hedrons can express the relative position relationships 
of six features. Suppose that there are R features and 
the relative position relationships of them can be de-
scribed by 4Rr C ˄R4˅feature tetrahedrons. 
Summarily, the general expression for features’ rela-
tive position relationships can be given. 
Suppose that the total number of key features in a 
sheet metal part is R(R2), and they constitute a set 
F={f1, f2, f3,Ă, fm}, fmęK. Their relative position rela-
tionship is marked as MR, then 
 
4
1 2 1 2
1 2 1 3 2 3 1 2 3
1 2
· ·                                    2
· · · · · ·   3
                        4
R
R
C
E E A A R
M E E E E E E A A A G R
M M M R
  

    
   
 (1) 
where iE F , [0, )iA  , {1,2,3}i  ;Mj=(Wj1+Wj2+
Wj3+Wj4)Jj1Jj2Jj3Jj4Jj5Jj6, jN and j 4RC , J[0, 
Ej1, Ej2, Ej3 and Ej4  are the four features of the tet-
rahedron Mj. 
Set Qj={Ej1,Ej2,Ej3,Ej4}, Ej1,Ej2,Ej3,Ej4F. 
1 2 3
, ,
j j jM M M
Y Y Y and 
4jM
Y are the four FRPs of the 
tetrahedron Mj . 
Set 3
1 2 3 4
{ , , , }
j j j jQ j
M M M MCY Y Y Y Y . 
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1 1
1 1 2 3( )M Mjh jhjh Y Y j j j jh
W P P A A A G       , 
Where  1, 2,3, 4h  ; 1{ }
M jh
jh YG P ; 1 2 3}{ , ,G E E E ;
,{ , }  	 
  ; P means permutation operator; C 
means combination operator. 
The relative position relationships of any number of 
key features can be described by the strategy men-
tioned above. The method changes the relationships 
between features to some tetrahedrons’ geometric 
properties, and uses feature tetrahedron as the base 
computing unit. Moreover, the information of these 
feature tetrahedron geometric properties is of regular 
structure, and can be easily used by computer. Besides, 
this expressing method is translation and rotation in-
dependent and also coordinate system independent. 
6. Location Description Matrix 
We have built the relative position model of sheet 
metal features and given the general expression of the 
model, but the expression is so complex and hard to 
use by computer. In this section, we will transform the 
expression to four matrices containing the relative po-
sition information of sheet metal part and being easily 
used. 
Suppose that a sheet metal part has R(R4) key fea-
tures and T represents the set of all tetrahedrons con-
stituted by R key features. T has 4Rr C  elements, 
noted as  1 2 3, , , , , , , ,i r iT T T T T T i T F  N  , 
where iT  is one of the feature tetrahedrons consti-
tuted by four key features marked 1 2 3, , 
i i iT T T
E E E  and 
4
iT
E , respectively. Denote  1 2 3 4, , ,
i i i ii T T T T
T E E E E . T 
also has four FRPs marked as 2 31 , ,
i i iT T T
P P P  and 4
iT
P . 
Denote  1 2 3 4, , ,
i i i i iT T T T T
P P P P P . 1
iT
P  includes three 
key features 1 2,
i iT T
E E  and 3
iT
E .Denote 
 1 1 2 3, ,
i i i iT T T T
P E E E . Similarly,  2 1 3 4, ,
i i i iT T T T
P E E E , 
 3 1 2 4, ,
i i i iT T T T
P E E E  and  4 2 3 4, ,
i i i iT T T T
P E E E . Use 
1 2
iTJ   to mark the value of ABT-FRP between 
1
iT
P  and 
2
iT
P . Analogously, other ABT-FRPs can be marked as 
1 3 1 4 2 3 2 4, , ,
i i i iT T T TJ J J J     and 3 4i
TJ  . Use iTJ  to represent 
the set of all ABT-FRPs of iT , and denote 
 1 2 1 3 1 4 2 3 2 4 3 4, , , , ,i i i i i ii T T T T T TTJ J J J J J J       . Denote 11Ti
p
EA  
as the NRA between 1
iT
E  and 1
iT
P . Similarly, 21
Ti
p
EA  
and 3
1
Ti
p
EA  are the other two NRAs of 
1
iT
P . Denote 
 1 2 31 1 1 1, ,i T T Ti i ip p p pT E E EA A A A , by analogy, and the NRA of 
2 3,
i iT T
P P  and 4
iT
P  can be marked as 2
i
p
TA   
 1 3 42 2 2, ,
T T Ti i i
p p p
E E EA A A ,  1 2 43 3 3 3, ,i T T Ti i ip p p pT E E EA A A A  and 4ipTA   
 2 3 44 4 4, ,
T T Ti i i
p p p
E E EA A A . Use iTA  to denote the NRA of iT  
and mark
iT
A as  1 2 3 4, , ,i i i i ip p p pT T T T TA A A A A . 
Based on the above supposition, the relative position 
relationship of three features in FRP 1
iT
P  can be de-
scribed by the following expression:  
 
1
11 2 3
1 2 1 3 2
3 1 1 1
· ·
· · · ·
i i i i iTi
i TT T T ii i i
T T T T TP
p p p
T PE E E
W E E E E E
E A A A G
   
 
where  1 1 2 3, , ,
i i iTi
T T TPG E E E  . 
Denote 1 1
21 ,
T Ti i
P P! ! and 1
3
Ti
P!  as the three relation 
symbols   in the above expression by order. Define a 
set 1
Ti
PS , and 1TiP
S totally has the 4 following elements: 
1 1 1
2 31 , ,
T T Ti i i
P P P! ! !  and 1TiP
G ,  1 1 1 1 11 2 3, , ,
T T T T Ti i i i i
P P P P PS G! ! ! .  
So the above expression of 1
Ti
PW  can also be de-
scribed by 
 
1 1 1
1 11 2 3
1 1 2 1 2 3
2 3 3 1 1 1
( ) ( )
( )
i i i iT T Ti i i
i iT TT T Ti ii i i
T T T TP P P
p p p
T TP PE E E
W E E E E
E E A A A G
! !
!
  
      
 
   1 2 3
1 1 1 1
1 2 3 1 1 1
1 2 3
, , , ,
( , , , )
i i i T T Ti i i
T T T Ti i i i
p p p
T T T E E E
P P P P
E E E A A A
G! ! !
 
 
Similarly, we have 1 1
1 1 ,
i iT Ti i
p
T TP PW P A S   where op-
erator   means the relation 1
Ti
PW  can be identified 
by the set of 1
iT
P , 1
i
p
TA  and 1TiP
S . 
Similarly, we can get the following expression: 
 
2 2
2 2
i iT Ti i
p
T TP PW P A S    
 
3 3
3 3
i iT Ti i
p
T TP PW P A S     
 
4 4
4 4
i iT Ti i
p
T TP PW P A S    
From the previous description, we know that 
 
 1 2 3 4
1 2 1 3 1 4 2 3 2 4 3 4
·
· · · · ·
i T T T Ti i i i
i i i i i i
T P P P P
T T T T T T
M W W W W
J J J J J J      
   

 
 
1 2
3 4
1 1 2 2
3 3 4 4
(
)
i ii iT Ti i
i i ii iT Ti i
p p
T TT TP P
p p
T T TT TP P
P A S P A S
P A S P A S J
 
  
   
     
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1 2 3 4
1 2 3 4 1 2 3 4( , , ) ( , , , )
( , , , )
i i i i i i i i
iT T T Ti i i i
p p p p
T T T T T T T T
TP P P P
P P P P A A A A
S S S S J
 
  
Then, we can get  
 i i i i iT T T PT T
M P A S J   
 
From the above expression, we can conclude that the 
relative position relationship of feature tetrahedron iT  
can be curtained by the set of , ,
i i iT T PT
P A S  and 
iT
J . 
So the Eq. (1) can also be described by the following 
formula: 
 
1
1
1 1 1 1
2 2 2 2
1 2 1 2
1
· ·                             2
                          3
               4
r r r r
P
P
R T T PT T
T T PT T
T T PT T
E E A A R
P A S R
M P A S J
P A S J
P A S J R
  



 
  
 

 
  
  
  
 
When 4R  , 
   
 
1 1 1 1 1 1
1 1 1 1 1 1
, , , , , ,
, , , ( , , , )
R T T T T T T
PT PT PT T T T
M P P P A A A
S S S J J J
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 
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
 
Similarly, 
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 
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1
1
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1
· · 2
3
, , ,
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( , , , ) 4
r
r
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Define 4 relation sets named P, A, S and J, and de-
noted them as 
1 2
{ , , , },
rT T T
P P P P  A 
1
{ ,TA 2 , ,TA   
}
rT
A ,
1 2
{ , , , }
rPT PT PT
S S S S   , so above expression 
can be changed to  
 
1
1
1 2 1 2
1
· ·        2
     3
      4
P
R P
E E A A R
M P A S R
P A S J R
 

 
 
 
  
  
(2)
 
 Equation (2) is another description of Eq.(1) after 
defining the four sets P, A, S and J, and these two ex-
pressions are equivalent. Through Eq. (2), we can 
know that using the set of P, A, S and J, we can de-
scribe the relative position relationship completely. In 
the next section we will discuss the method of how to 
build these four sets. Because it is easy when R=2 and 
R=3,  if without clear explanation, we will just dis-
cuss the situation of 4R  . 
Next, we will illustrate the process of building the 
set of P, A, S and J.  
Assume that P contains the information of four 
FRPs of each tetrahedron and three features’ names (or 
ID) of each FRP. If a sheet metal part only has two 
features (R=2), P is described as  2 1 2,RP E E  . 
And if a sheet metal part has three features (R=3), P is 
described as  3 1 2 3, ,RP E E E  . Assume that P is 
very simple in the above two situations. If R  4, as we 
introduced before,
1 2
{ , , , }
rT T T
P P P P ,where 
 1 2 3 4, , ,
i i i i iT T T T T
P P P P P , so P can be described by  
 
1 1 1 11
2 2 2 2 2
1 2 3 4
1 2 3 4
1 2 3 4
r r r r r
T T T TT
T T T T T
T T T T T
P P P PP
P P P P P
P P P P P
" #" #
$ %$ %
$ %$ %  $ %$ %
$ %$ %
$ %$ %& ' $ %& '
    
P
 
From the definition of  
1
( 1, 2,3, 4 )xTP x  , we 
know that 
1
x
TP  has three elements which are names of 
features constituting the FRP 
1
x
TP . If the tetrahedron 
iT is identified, each 1
x
TP will be identified too. For 
example, if  
1 1 1 1
1 2 3 4
1 , , ,T T T TT E E E E , the 1 1
1 2,T TE E and 
1
3
TE  are the three elements of 1
1
TP , that means the first, 
second and the third element of 1T  constitute 1
1
TP , 
similarly, the first, third and the fourth element of 1T  
constitute 
1
2
TP , and so on. So if T is identified, we can 
compute P from T.  
T can be describe by the following matrix: 
 
1 1 1 1
2 2 2 2
1 1 1 1
1 2 3 4
1
1 2 3 4
2
1 2 3 4
T T T T
T T T T
r T T T T
E E E ET
T E E E E
T E E E E
" #" # $ %$ % $ %$ %  $ %$ % $ %$ % $ %& ' $ %& '
    
T
 
Matrix T can be used as the input matrix of the re-
trieval algorithm. Compared with P, T is more simple 
and more easy to build, and  P  can be used as a 
computing matrix in the programming of algorithm. To 
be clearly, P is named as “feature computing matrix 
(FCM)”, and T “feature name matrix (FNM)”. 
Assume that A contains the information of NRA of 
each feature in sheet metal part. From the tetrahedron’s 
geometric properties, we know that each feature be-
longs to three FRPs at the same time, so we should 
compute three ABT-FRPs for each feature. There are 
four features in a tetrahedron, totally twelve NRAs of 
each tetrahedron. If T has been identified, the value of 
A is also identified and can be described by the fol-
lowing matrix (112 matrix): 
1 2 3 1 3 4 1 2 4 2 3 4
1 1 1 2 2 2 3 3 3 4 4 4
T T T T T T T T T T T Ti i i i i i i i i i i i
p p p p p p p p p p p p
E E E E E E E E E E E EA A A A A A A A A A A A
" # $ %& 'iT
A
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So A can be expressed as 
1 2 3 1 3 4 1 2 4 2 3 4
1 1 1 1 1 1 1 1 1 1 1 1
1
1 2 3 1 3 4 1 2 4 2 3 4
2
2 2 2 2 2 2 2 2 2 2 2 2
1 1 1 2 2 2 3 3 3 4 4 4
1 1 1 2 2 2 3 3 3 4 4 4
T T T T T T T T T T T T
T T T T T T T T T T T T
p p p p p p p p p p p p
E E E E E E E E E E E E
p p p p p p p p p p p p
E E E E E E E E E E E E
A A A A A A A A A A A A
A A A A A A A A A A A A
" #
$ %
$ % $ %
$ %
$ %& 'r
T
T
T
A
A
A
A
     
1 2 3 1 3 4 1 2 4 2 3 4
1 1 1 2 2 2 3 3 3 4 4 4
T T T T T T T T T T T Tr r r r r r r r r r r r
p p p p p p p p p p p p
E E E E E E E E E E E EA A A A A A A A A A A A
" #
$ %
$ %
$ %
$ %
$ %
$ %
$ %& '
        
Similar with A, assume that S contains 16 elements 
and each FRP has four elements. S can be described by 
a 116 matrix: 
1 2 3 4
T T T Ti i i i
P P P PS S S S
" # $ %& 'iPT
S
 
1 1 1 1 2 2 2 2 3 3 3 3 4 4 4 4
1 2 3 1 2 3 1 2 3 1 2 3
T T T T T T T T T T T T T T T Ti i i i i i i i i i i i i i i i
P P P P P P P P P P P P P P P PG G G G! ! ! ! ! ! ! ! ! ! ! !
" #
$ %& '  
So 
1 2
{ , , , }
rPT PT PT
 S S S S  can be expressed as 
1 2 3 4
1 1 1 11
1 2 3 4
2 2 2 2 2
1 2 3 4
T T T T
T T T T
T T T Tr r r r
P P P P
P P P P
P P P P
S S S S
S S S S
S S S S
" #" # $ %$ % $ %$ %  $ %$ % $ %$ % $ %$ %& ' $ %& 'r
PT
PT
PT
S
S
S
S
      
1 1 1 1 2 2 2 2 3 3 3 3 4 4 4 4
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 1 1 1 2 2 2 2 3 3 3 3 4 4 4 4
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
1 2 3 1 2 3 1 2 3 1 2 3
1 2 3 1 2 3 1 2 3 1 2 3
T T T T T T T T T T T T T T T T
T T T T T T T T T T T T T T T T
P P P P P P P P P P P P P P P P
P P P P P P P P P P P P P P P P
G G G G
G G G G
! ! ! ! ! ! ! ! ! ! ! !
! ! ! ! ! ! ! ! ! ! ! !
               
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J contains the information of ABT-FRP, and each 
iT
J  has six elements, 
   1 2 1 3 1 4 2 3 2 4 3 4, , , , ,i i i i i iT T T T T TJ J J J J J      iTJ  
means the six ABT-FRPs between any two FRPs of a 
tetrahedron. J can be described as follows: 
1 1 1 1 1 1
2 2 2 2 2 2
1 2 1 3 1 4 2 3 2 4 3 4
1 2 1 3 1 4 2 3 2 4 3 4
1 2 1 3 1 4 2 3 2 4 3 4
r r r r r r
T T T T T T
T T T T T T
T T T T T T
J J J J J J
J J J J J J
J J J J J J
      
      
      
" #
$ %
$ % $ %
$ %
$ %& '
     
J  
Using the four matrices just defined above, the rela-
tive position information needed in our algorithm can 
be expressed completely. In order to express clearly, 
name A as the “Feature angle Matrix (FAM)”, S the 
“Feature relation Matrix (FRM)” and J the “ABT-FRP 
Matrix (AFM)”. In the next section we will give the 
formula of retrieval algorithm based on those four ma-
trices. 
7. Retrieval Algorithm 
To define similarity is a difficult task. For two cer-
tain parts, using different retrieval algorithms may re-
sult in different similarity. In the paper, each sheet 
metal part can be expressed by the four matrices. So 
the similarity can be calculated by taking advantage of 
the differences of four matrices.  
Now we give the definition of equivalence of two 
groups of features. 
Definition of equivalence of two relative positions is 
as follows. Let  1 2 , ,, ib b b B  and 1 2,{ , ,h h H   
}jh be two sets of features in 3D space, where ib K , 
jh K , i N , and  j N . BT  and HT  are the 
FNM of B and H respectively. The FAM of them can 
be expressed by BA  and HA . BS  and HS  are 
their FRM, and BJ  and HJ  are AFM. Set 
 1 2, , ,B B BmT T T BT , 1 { ,HTHT 2 , ,HT  }HnT ,
1 2
 { , ,BPT BPTS SBS }, mBPTS , 1{ ,HPTSHS 2 ,HPTS
, }
nHPT
S , 
1 2
{ , , , }
mBT BT BT
J J J BJ , and HJ  
1 2
{ , , , }
nHT HT HT
J J J . Mark 4im C  and 
4
jn C .  
We can conclude that the two relative position rela-
tionships corresponding to B and H are equal, if B and 
H completely satisfy the following rules:  
a) (B H  and (H B ; 
b)  ,Bm B Hn HT T T T)  *   let  Bm HnT T ; 
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c) When ,Bm HnT T  have m nBPT HPTS S  and 
m nBT HT
J J . 
Denote  1B H . If B and H partially satisfy the 
rules, we consider that the relationships of the two 
groups are similar to each other. Set  +B H , 
where +  means matching coefficient, expressing the 
similarity of B and H, and [0,1]+  . 
In the above definition, three qualifications are given 
to restrict the relationship between two groups of fea-
tures. The three qualifications are very strict; only one 
condition can completely satisfy them, i.e., all the pa-
rameters in the four matrices of each group are equal. It 
means that the two group features must not only have 
the same features, they should also have the same rela-
tive relation of the features in 3D space. 
In addition, the tradition of input and the anticipation 
of the retrieval result should be taken into considera-
tion in the calculation of similarity. In general, when 
the users search a part using some features, firstly they 
would think that the result should contain the features 
he/she input, and secondly they will consider the rela-
tive position between those input features. So from the 
user’s point of view the importance of four matrices 
FNM, FAM, FRM and AFM is different. The FRP in-
formation and the feature triangle information in ma-
trix S are also different for users. In order to describe 
the difference of information in the level of user 
awareness, a parameter ,  called “weight coeffi-
cient” is defined, where  0,1,  and is pre-set by 
the system. 
Now we give the formula of retrieval algorithm: 
  
1 2 3 4
1 2
4 4
,1 4
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The last formula in the above equations is equivalent 
to the following formula:  
   
   
   
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,1 4 1 1 1
6 12
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1 1
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4 1 4
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where 1, ˈ 2, ˈ 3, ˈand 4,  mean the weight 
coefficients of FNM, AFM, FAM and FRM respec-
tively. 14,  and 
2
4,  mean the weight coefficients of 
the FRP information and the feature triangle informa-
tion in matrix S respectively. U˄ t sˈ  ˅ is a function used 
to judge that whether the two parameters t and s are 
equal or not. 
The formula can be used to calculate the similar-
ity of two sheet metal parts. 
8. Implementation and Discussion 
8.1. Implementation 
A prototype system is developed to test and verify 
the retrieval algorithm. The architecture of the system 
is shown in Fig. 10. This section will provide the de-
tails in implementation of the system. 
The system is developed with C++ based CAXA 
Solid (View 2010). Using the API of CAXA Solid, we 
develop an extracting model, which is in charge of 
extracting the key features and their position data in-
formation. Two main processes are included in the 
system: one is of inserting a part to database; the other 
is of searching parts from the database. The inserting 
process contains the following three steps: 
Step 1: An ICS file is opened or created by CAXA 
Solid. Execute the “Insert” function. This function is a 
command in CAXA Solid user interface and is added 
by us using CAXA Solid API.  
Step 2: Extract the key features and their position 
data by the extracting model which are recorded with 
XML file format. 
Step 3: Transform the XML file format into data ta-
ble and insert them into the database. 
Because of the limitation of CAXA API, the ex-
tracting model developed can only extract one sheet 
metal part at a time. It is enough for our experiment. 
The steps contained in searching process are as fol-
lows: 
Step 1: Open or create a part in CAXA Solid as 
query and then executing the “Search” function which 
is another command in CAXA Solid user interface and 
is added by using CAXA Solid API. 
Step 2: Extract the feature name and number.  
Step 3: Use the information extracted in Step 2 to 
query the part database. This is a sample searching 
process in order to get a temporary part list. Each part 
in the list (called as “temporary part”) must contain all 
the features in the query part and possess a larger 
number. For example, if the query part has two 
“Obround” features, the temporary part must have two 
or more “Obround” features.  
Step 4: Determine the number of parts in the tempo-
rary part list. If the number is smaller than “Max out 
number”, the temporary part list will be printed out as 
final result. “Max out number” is a system value set by 
the users. Typically, it is a very small value, no more 
than five. In this case, there is no similar value of the 
parts, and users should find the right part by them-
selves. 
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Fig. 10  Architecture of prototype system. 
Step 5: If the number of temporary part list is bigger 
than “Max out number”, the topology graph and fea-
ture data of query part will be extracted by “Extracting 
model”. 
Step 6: Calculate the similarity between the query 
part and each temporary part by using the method just 
introduced. The data information of each temporary 
part is read from the database.  
Step 7: Reorder the similarity of the temporary par-
tand output the result in XML file format.  
8.2. Experiments 
A couple of experiments are conducted to validate 
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the new retrieval algorithm of sheet metal parts.  
8.2.1. Experiment 1: calculation of the similarity of 
simple sheet metal parts  
The experiment is used to calculate the similarity of 
the parts with the same key feature class and only one 
feature of each class. Four examples are shown in Fig. 
11. The key features contained are shown in Table 2. 
Part A is used as the query part. Set 1,   
0.4, 2 0.3,  , 3 0.2,  , 4 0.1,  ,
1
4 0.031 25,   and 
2
4,  0.156 25. The location description matrices are 
shown in Fig. 12. The similarity of four parts can be 
seen in Fig. 11. In Fig. 12, the digit in FNM and the 
digit in FRM which is in the dotted line, for example 
37, have the same meaning with the equal number in 
Table 1. In FAM, the digit of 1, 2 and 3 are three flags 
used to express that whether the three angles in one 
triangle is equal or not. In each row of FAM, three dig-
its make up a group. There are 4 groups totally in each 
row. For example, in each group, “1 2 3” means three 
of these angles are not equal”, and 1 2 1” means the 
first angle is equal to the third and not equal to the se-
cond. And the rest can be deduced by analogy. In FRM, 
we use 0, 1, 2 and 3 to express the relationship of Dis-
joint, Adjacent, Include and Included by respectively. 
 
 
Fig. 11  Example parts and similarity result in Experiment 1. 
 
Fig. 12  Location description matrix in Experiment 1. 
Table 2  Number of key features in Experiment 1 
Part ID Part a Part b Part c Part d
Keyway in (No.37) 1 1 1 1 
Round (No.38) 1 1 1 1 
Cloverleaf (No.40) 1 1 1 1 
Single D (No.44) 1 1 1 1 
Key feature 
class 
Connector (No.46) 1 1 1 1 
 
8.2.2.  Experiment 2: calculation of the similarity of 
complex sheet metal parts 
The second experiment is used to test the performance of 
the prototype system and the retrieval algorithm in calcu-
lating the similarity of normal sheet parts. Set 1,   
20.4, 0.3,,  3 40.2, 0.1,, , 
1
4,  0.007 812 5 and 
2
4,  0.226 562 5. A query part and the retrieval results 
are shown in Fig. 13. Table 3 shows the number of key 
features in Experiment 2. 
The location description matrices of the first eight.
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Fig.13  Example parts and similarity result in Experiment 2. 
Table 3  Number of key features in Experiment 2 
Part ID Query Pa Pb Pc Pd Pe Pf Pg Ph Pi Pj Pk Pl 
Rounded louver (No.21) 0 0 0 0 0 0 0 2 0 0 0 0 0 
Dimple (No.22) 0 0 0 0 0 4 0 0 0 0 0 0 0 
Round dimple (No.24) 0 0 1 0 0 0 0 0 0 0 4 0 0 
C'sink(No.25) 0 0 0 0 0 0 0 1 0 0 0 0 0 
C'bore (No.26) 1 1 1 1 1 1 1 1 1 1 1 3 1 
Semi-pierce protrusion (No.27) 0 0 4 0 0 0 0 0 0 0 0 0 0 
Card guide (No.29) 0 0 0 0 0 0 3 0 0 0 0 0 0 
Extruded tab (No.31) 0 0 0 1 0 0 0 0 0 0 0 0 0 
Pop out (No.32) 0 0 0 0 0 0 0 0 0 2 0 2 0 
Bead(No.33) 0 0 1 1 0 0 0 0 0 0 0 0 0 
Keyway in (No.37) 0 0 0 0 0 0 0 0 0 0 0 0 0 
Round (No.38) 2 2 2 3 2 2 2 4 2 2 2 3 2 
Rectangle (No.42) 0 0 0 1 0 0 0 0 0 0 0 0 0 
Obround (No.43) 1 1 2 1 0 2 2 3 1 1 1 1 1 
Connector (No.46) 1 1 1 1 2 2 1 1 1 1 1 1 1 
Key 
feature 
class 
Radius (No.48) 0 0 4 0 0 0 0 0 0 0 0 3 0 
 
retrieval results in “Experiment 2” are shown in Fig. 14 
The figures such as “381” and “382” in Fig. 14 mean the 
first and the second Round (No.38) in a sheet metal part. 
This is an expression method of our prototype system in 
order to distinguish the features belonging to the same 
key feature class. However a sheet metal part may have 
some features belonging to the same key features class. 
For example, “Part b” has two Obround (No.43) fea-
tures. In this case difficulties will arise from choosing 
which one to conduct calculation of the similarity. To 
solve this problem the system is designed to calculate 
all the possible results and chooses the maximal value 
as the final similarity. The similarities in Fig. 13 corre-
spond to the location description matrices in Fig. 14. 
As seen from the experiments, our relative position 
model can describe the difference of feature’s position, 
and can be used to calculate the similarity for simple 
sheet metal parts. The formula of retrieval algorithm 
we given meet the requirements of simple similarity 
calculation of sheet metal part. 
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Fig. 14  Location description matrix in Experiment 2.
8.2.3.  Experiment 3: effectiveness of the retrieval 
algorithm 
The third experiment aims to test the effectiveness of 
the retrieval algorithm. In Fig. 15, the precision-recall 
diagram of the retrieval algorithm is presented for eight 
different inputting feature number resolutions: feature 
number is 2 (noted as nf =2 in diagram, others by 
analogy), 3, 4, 5, 6, 8, 9 and 10. Parameter “nt” in Fig. 
15 means the tetrahedron number of inputting features. 
As mentioned earlier,
f
4
t nn C , and if f 3n  , nt=0.  
The precision-recall curves are related to the feature 
number of the query part. By increasing the feature 
number of inputting part from 2 to 5, the performance 
is significantly reduced. From nf=6 the performance of 
the algorithm becomes unstable and reduces quickly.So 
the algorithm does not work very well in retrieving 
complex sheet metal parts, especially the parts post 
 
Fig. 15  Precision-recall curves of the proposed method 
using different feature numbers. 
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sessing features more than nine. The reason for this 
result is that the quantity of feature tetrahedra is the 
basic computing unit in our relative position model. 
The more feature tetrahedral, the more similarity 
treatment, and the lower accuracy. The nt-nf curve is 
shown in Fig. 16.  
 
Fig. 16  nt-nf curves diagram. 
With the increase of nf, the nt begins to increase in 
size, and the rate of nt increase changes bigger and 
bigger, especially when the nf is bigger than nine. So it 
is clear that the retrieval algorithm has a good effec-
tiveness in retrieving the parts possessing less than 9 
key features, and cannot work very well in others. But 
it is enough for practical application. This is because 
that for normal users, they could not remember too 
many features’ relationships. In general, two to five 
features’ relationships can be remembered easily. The 
algorithm works well especially for the parts with three 
to four features’ relationships. 
9. Conclusions and Future Work 
A semantic-based approach to part retrieval of CAD 
models for sheet metal parts is presented. The strategy 
to express the difference of two sheet metal parts is the 
key of the approach. To solve this problem, firstly, the 
data structure of the research document is investigated. 
It is found that the document is made up of several 
features, and the position information of each feature 
can be extracted. According to the frequency of using 
the features, some features are chosen as the key fea-
tures and a relative position model is built. The differ-
ent relative position of these key features in relative 
model is used to express the difference between two 
sheet metal parts. The relative model is built based on 
the geometry information of feature tetrahedron and 
can be indicated by four matrices: FNM, AFM, FAM 
and FRM. Then the formula of the retrieval algorithm 
is given to calculate the similarity of two sheet metal 
parts in terms of the difference of four matrices.  
Finally, a prototype system is developed to verify the 
retrieval algorithm. The experiments show that the 
proposed method can effectively support the retrieval 
of sheet metal parts and possess potentials in practical 
application. 
The method is designed for certain enterprise appli-
cation, and can only work upon ICS files. The method 
can also be easily used for other file formats with some 
necessary changes if their internal data structure is 
known. 
The method requires a high performance computer, 
especially in computing complex sheet metal parts. For 
example, if one sheet metal part has N key features, 
there would be 4NC  feature tetrahedra which should 
be computed in each similarity calculation. So in the 
future research, we want to move the similarity calcu-
lation module into cloud computing environment and 
use the powerful computing capacity to support 
large-scale retrieval applications for sheet metal parts. 
Another future work of this research is to integrate 
some other retrieval algorithms to develop a retrieval 
prototype system on Internet for sheet metal parts so as 
to enable the designers to achieve sheet metal part re-
trieval and reuse them in design process. 
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